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Abstract Elemental silver nanoparticles are an effective an-
tibacterial substance and are found as additive in various
medical applications. Gold nanoparticles are used due to their
optical properties in microscopy and cancer therapy. These
advantages might be combined within alloyed nanoparticles
of both elements and thereby open new fields of interest in
research and medical treatment. In this context, laser ablation
of solid alloys in liquid gives access to colloidal silver–gold
alloy nanoparticles with a homogeneous ultrastructure. Ele-
mental and alloy silver–gold nanoparticles with increasing
molar fractions of silver (50, 80, and 100 %) were produced
and stabilized with citrate or albumin (BSA). Particles were
embedded in agar at concentrations of 3–100 μg cm−3 and
tested on clinical relevant Staphylococcus aureus regarding
their antibacterial properties. Cytotoxic effects were measured
within the same particle concentration range using human
gingival fibroblasts (HGFib). As expected, a reduced fraction
of silver in the nanoalloys decreased the antibacterial effect on
S. aureus according to the evaluated minimal inhibitory con-
centrations. However, this decrease turned out stronger than
expected by its relative mass per particle, due to the electro-
chemical, disproportionally high effect of gold on the
bioresponse to silver within silver–gold nanoalloy particles.
BSAwas able to stabilize all colloids and maintain antibacterial
activity, whereas sodium citrate reduced antibacterial effects
and cytotoxicity even at high nanoparticle concentrations. The
alloying of silver with gold by laser ablation in liquid produced
nanoparticles with both reduced antibacterial and cytotoxic
properties in comparison to silver nanoparticles but still retains
the application spectrum of both elements combined in one
colloid. In particular, alloying with gold may render silver
nanoparticles more biocompatible, and allows bioconjugation
via established thiol chemistry.
Keywords AgAu . nanotoxicology . antibacterial .
nanocolloids
Introduction
Alloying of metals has been established for centuries in material
science and metallurgy, aiming at the optimization of material
properties and functionality. Multifunctional materials attract a
lot of attention in the rapid developing field of nanotechnology.
Investigation and integration of new materials can facilitate new
approaches, e.g., in the biomedical field. For such applications
materials like silver and gold have already been investigated for
years and it is well known that elemental silver releases ions [1],
whereas gold is known for its optical properties and adsorption
of proteins [2, 3]. Combining both elements in one material, in
particular within a nanoparticle, might cause a synergetic effect
of the properties and thereby provide an access to new materials
with new application possibilities. For example, the use of silver
in combination with gold could open new possibilities for the
conjugation of antibacterial silver nanoparticles to various
thiolated biomolecules via covalent bonding to gold atoms.
Due to their antibacterial properties, silver nanoparticles
are increasingly used in different medical applications includ-
ing antimicrobial coatings or wound dressings [1, 4, 5]. Silver
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reduces bacterial growth by releasing silver ions, which inhibit
enzymatic activity and destroy protein structures on bacterial
cell membranes [6, 7]. Silver nanoparticles used in antibacte-
rial implant coatings and surfaces are often embedded in
composites or hydrogels, which release the silver ions over
time to the adjacent area [8, 9]. Unfortunately, high concen-
trations of antibacterial silver ions also exhibit cytotoxic
effects on eukaryotic cells, making it difficult to establish a
possible therapeutic window [10–12]. The cytotoxic effects of
silver nanoparticles on eukaryotic cells are described in many
studies and the particle concentrations, which cause at least
moderate cytotoxicity depend very much on the type of cells
used [13–16]. The influence of chemicals, added after
(surfactants) or during (reducing agents and capping ligands)
nanoparticle synthesis on the silver ion release is an additional
factor, which can change the antibacterial and cytotoxic
effects of silver. For instance, when bovine serum albumin is
added to freshly synthesized, ligand-free silver particles, it
significantly reduces the antibacterial effect on different species
of bacteria [17].
Gold nanoparticles display only very low cytotoxic effects
on eukaryotic cell in comparison to silver [16, 18, 19]. They
are known for their strong binding affinity to bovine serum
albumin, commonly used as stabilizing agent [20–22] and are
responsible for the formation of a protein corona on nanopar-
ticle surfaces [23, 24]. It could be assumed that different gold
molar fractions in silver–gold alloy nanoparticles change the
binding affinity of BSA to these particles subsequently
influencing ion release. Regarding ion release, bimetallic al-
loys show physical and chemical properties very different
from their separate monometallic components [25].
Without using any chemical precursors, ligand-free colloi-
dal nanoparticles can be produced by laser ablation of solid
targets in liquids [26, 27]. Hence, toxicological analysis of
laser-generated colloids reveals toxicity only for nanoparticles
and not for residual chemicals [28, 29], like it is the case with
chemically prepared colloids [30, 31]. This method enables
ablation of different alloy materials, especially if the targets
consist of fully miscible elements such as Ag and Au, or Pt
and Ir [32–34]. The availability of any desired Ag/Au ratio in
a solid alloy, in combination with its ablation in liquid by
lasers, gives access to colloidal alloy nanoparticles with de-
fined compositions [35, 36]. Since it has been recently shown
that gold–silver nanoparticle surface patterns designed from
co-sputtering of gold with silver showed a silver ion release
disproportional to the silver content in the alloy, the question
arises whether this effect will also be observed in the
bioresponse to nanoparticles [37, 38].
The objective of this study was to understand the biological
behavior to the combination of bioactive, ion-releasing silver
and noble, protein-adsorbing gold in one nanocolloid. The
antibacterial and cytotoxic effects on bacteria and cells for
different ratios of gold and silver within the particles were
tested. Additionally, the influence of two commonly used
stabilizers (albumin and citrate) on colloid aggregation and
the bioactivity of all synthesized materials were examined.
Material and methods
Synthesis of NP
The generation of colloidal nanoparticles was achieved by laser
ablation of metal foils for silver (99.99 %, Goodfellow GmbH,
Germany), gold (99.99 %, Allgemeine Gold und
Silberscheideanstalt AG, Germany), and two silver–gold
alloys (Ag4Au and AgAu, 99,99 %, accuracy of composition
±1 wt%, fem Research Institute for Precious Metals and Metals
Chemistry, Germany) in citrate and BSA solution (Sigma-
Aldrich, Germany). The ablation was carried out in an ablation
chamber (volume, 30ml) andwith a liquid layer of 4mm above
the target. The laser beam was coupled into the chamber
horizontally to minimize interaction with ablation-process-in-
duced bubbles [39]. The detailed description of the ablation
setup can be found in [40]. A picosecond laser (Atlantic 532,
Ekspla, Lithuania) with 10-ps pulse duration and pulse energy
of 110 μJ at a wavelength of 1,064 nm was used for the
nanoparticle generation. The laser beam was scanned
(SCANcube® 10, ScanLab AG, Germany) on the target and
focused using an F-Theta lens with focal distance of 100 mm.
The nanoparticles will in the following be referred to as:
gold nanoparticles (AuNP), silver nanoparticles (AgNP), alloy
nanoparticle with a molar silver–gold ratio of 4:1 (Ag4Au,
68.7 wt% Ag) and alloy nanoparticle with a molar silver–gold
ratio of 1:1 (AgAu, 35.4 wt% Ag).
Nanoparticle characterization
Stock solutions of nanoparticles were stored at 8 °C after
synthesis. Before experimental use they were ultrasonicated
for 30 min at 40 kHz (Elma T710DH, Elma, Germany) and
diluted to a NP concentration of 60 μg ml−1 with H2O bidest.
The nanoparticles were dropped on copper grids coated with
polyvinyl formal (Formvar) and dried in an exsiccator to
prevent humidity-induced reactions of silver on the TEM grid,
which has recently been reported to occur [41]. Images were
taken with a TEM (Morgagni 268, FEI, The Netherlands).
Element analysis of alloy nanoparticles was carried out with
high-resolution TEM (FEI Tecnai F20, FEI, The Netherlands).
Dynamic light scattering measurements for evaluation of
hydrodynamic size of the colloids were carried out with
StabiSizer PMX 200 C (Particle Metrix, Germany), whereas
TEM micrographs were used for the determination of the
primary particle diameter. The number frequency of size dis-
tribution was fitted with OriginPro 8.6G (OriginLab, USA),
using a log-normal function, and the polydispersity index was
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calculated according to DIN ISO 13321 as variance (σ2)
divided by (Xc
2). xA spectrometer (Evolution 201, Thermo
Fischer Scientific Inc., USA) covering the spectral range from
190–900 nm and a glass cuvette with 10 mm path length and a
volume of 4 ml were used for the ultraviolet–visible (UV–vis)
measurements. The mass concentration of the nanoparticles
was determined in triplicates for different ablation times using
a microgram balance (Precisa 40SM-200A, Precisa Gravimetrics
AG, Switzerland) with a 10-μg accuracy.
NP effects on bacteria
The Gram-positive bacterium Staphylococcus aureus (DSM
20231, DSMZ, Germany) was cultivated in trypticase soy
broth (TSB) medium (Oxoid, UK) over night at 37 °C. The
next day, 100 μl of overnight culture was inoculated in 10 ml
of fresh TSB medium and cultivated until the exponential
growth phase was reached.
Different volumes of ultrasonicated nanoparticles dis-
persed in H2O were mixed with liquid Muller–Hinton agar
(CM0405, Oxoid, UK) to achieve NP concentrations of 6–
100 μg cm−3 within the agar. Each plate was filled with 2 ml
agar-nanoparticle mixture, which solidified within 15 min. If
NP are fully dissolved and released from the agar nanoparticle
composite, the total Ag ion dose would be equivalent to 12–
200 μg assuming that the volume of such a suspension is
constant. S. aureus was diluted in phosphate-buffered saline
to a concentration of 5×103 cells ml−1. Bacteria suspension
(100 μl) was plated on agar and incubated overnight at 37 °C.
The dosage of Ag+ ranged between 24 and 400 ng cell−1 or
1.6×1011 to 2.7×1012 silver nanoparticles per bacterial cell in
the inoculum. Note that the nanoparticles are immobilized in
the agar, so the mass concentration is more relevant than the
number concentration. The mass concentration range in the
agar gel was selected based on earlier experiences [11]. After
24 h incubation, colony forming units were counted on four
plates. It has recently been reported that duration of storage
affects the toxicity of AgNP [42]. In order to eliminate such an
influence, the experiments were repeated at four different
storage intervals after the synthesis of the NP (1, 4, 8, and
16 weeks).
Cytotoxicity
Human gingival fibroblasts (HGFib, catalogue number 121
0412, Provitro, Germany) were cultivated and maintained in
Dulbecco's modified Eagle’s medium (DMEM) (FG0435,
Biochrom, Germany) supplemented with 10 % fetal bovine
serum (P270521, Pan-Biotech, Germany), 100 U ml−1
penicillin (A2213, Biochrom, Germany), and 100 μg ml−1
streptomycin (A2212, Biochrom, Germany) at 37 °C in 5 %
CO2 with 95 % relative humidity. HGFib cells were seeded at
a density of 5×103 cells per well in 96-well plates for the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. After 24 h of cultivation, the supernatant
was removed, and 100 μl of fresh media containing different
amounts of elemental or alloy NPs was added. Therefore,
ultrasonicated nanoparticles were diluted in DMEM to NP
concentrations of 6–50 μg ml−1, the total theoretical Ag+ ion
dose is equivalent to 0.6–5 μg. The dosage of Ag+ ranged
between 0.12 and 1 ng cell−1, or 8.1×108 and 6.75×
109 NP cell−1. Note that the nanoparticles are exposed to the
cells in the colloidal state. For each concentration of NPs, four
wells were incubated at 37 °C for 24 h.
The test for mitochondrial function of HGFib cells was
performed by a MTT viability assay according to the protocol
of the manufacturer (Cell Proliferation Kit 1, Roche Diagnos-
tics, Switzerland ). After 24 h of incubation, 10 μl of staining
solution was added to each well. Following 4 h of incubation,
the addition of 100 μl of solubilization solution per well
caused cell lysis and stain release overnight at 37 °C. The
absorbance of the resulting formazan was measured according
to the protocol at a wavelength of 540 nm using a fluorescence
microplate reader (Infinite F200, Tecan Group, Germany).
Since the surface plasmon resonance (SPR) of Au peaks at
520 nm with a significant extinction at 540 nm for increasing
amounts of Au in the AgAu-NP, this referencing background
signal is important and has to be performed for each Ag and
Au content separately. To eliminate the influence of nanopar-
ticle extinction as well, wells with corresponding nanoparticle
concentration in a medium without cells were measured as
reference. Cell viability was classified into different levels of
cytotoxicity according to Sjogren et al. [43]: More than 90 %
cell viability was interpreted as noncytotoxic, 60–89 % cell
viability as slightly cytotoxic, 30–59% asmoderately cytotoxic,
and <30 % as a severely cytotoxic effect.
Statistical analysis
Differences in cytotoxicity between groups of nanoparticles
stabilized with BSA and sodium citrate as well as between all
particles stabilized by the same agent were tested by Student’s
t test. Statistically significant differences were accepted at a
p value of 0.05 and below.
Results and discussion
Characterization of NP
Laser ablation in liquid provides the production of colloidal
nanoparticles from bulk material with a homogeneous com-
position of elements, in particular if the elements are fully
miscible like AgAu, PtIr, or NiFe [32, 33, 39]. This method
permits the generation of functionalized colloids without
chemical precursors [44, 45]. Bovine serum albumin, which
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adsorbs on the colloid surface, is often used for studies on
nanoparticles and their biological effects [46–48] and sodium
citrate is widely used in chemical-based synthesis of both
gold and silver nanoparticles so that these ligands were
applied in comparison.
The UV–vis analysis of laser-generated nanoparticles con-
firmed the formation of alloys due to the SPR-contribution of
each element [49]. The position of SPR peak (Fig. 1) was
linearly red-shifted with an increase in the gold molar fraction
between the peaks of pure silver and pure gold. The difference
in the SPR-peak position between BSA and citrate stabilized
nanoparticles resulted from different refractive indices of these
molecules. In contrast to the chemically prepared Ag–Au
nanoparticles, which revealed gradients of element distribu-
tion [50, 51], the line scan of laser-generated Ag–Au nano-
particles showed a uniform distribution of both elements
(Fig. 2). The nanoparticle’s ultrastructure is specific for the
respective synthesis methods. The laser-based one-step meth-
od results in the formation of nanoparticles through condensa-
tion of ablated material in a cavitation bubble on a microsecond
scale [52, 53], whereas chemical coprecipitation of Ag–Au
nanoparticles generally leads to the enrichment of the nobler
element (Au) in the nanoparticle core and presenting the less
noble element (Ag) at the particle’s shell [50]. In Fig. 3, the
analysis of TEM micrographs from generated nanoparticles
revealed a very similar distribution of primary particle diameter
for nanoparticles generated in BSA and citrate solutions (2–
4 nm peak size). Calculated from the peak maximum of the
lognormal distribution, the size of all BSA-stabilized
nanoparticles ranges between 2.3 and 3.5 nm. In compar-
ison to BSA, citrate-stabilized nanoparticles were slightly
bigger, between 4.1 and 4.7 nm. The differences in size
distribution for BSA and citrate-stabilized nanoparticles
can be attributed to higher affinity of BSA to the nano-
particles, which sterically block the surface, preventing
further growth. Particle sizes in studies, which investigated
biological effects of silver and gold colloids, often cover
size ranges including 1–50 nm comparable to the presented
results [1, 5, 13, 54, 55].
Stability of colloids in suspension
Xiu et al. showed that the crucial factor for antibacterial and
cytotoxic activity of silver colloids is the particle size and
subsequently the release of silver ions. Particle morphology
influences the biological activity only by changes in their
surface to volume ratio [56, 57]. The stabilization of nanopar-
ticles within fluids is an important factor for the characterization
of these particles in biological systems. Isolated particles have a
higher surface to volume ratio than aggregated particles and
release more silver ions. Particle aggregation would reduce the
ion release.
We compared two different stabilizing agents often used in
the synthesis of nanoparticles, bovine serum albumin and sodi-
um citrate. While the aggregation was high for all species of
tested nanoparticles when stabilized with sodium citrate, parti-
cles were found dispersed when stabilized with BSA and
displayed only little aggregation (Fig. 3). Sodium citrate is a
Fig. 1 Validation of alloy composition by plasmon resonance character-
ization: peak-normalized UV-vis spectra of laser-generated Ag, Ag4Au,
AgAu, and Au nanoparticles in aqueous BSA and citrate solutions

















Fig. 2 Ultrastructure of the
nanoalloy: TEM-EDX line scan
of AgAu nanoparticles generated
by pulsed laser ablation of AgAu
target in liquid. Data indicate
homogeneous, non–segregated,
non–core–shell ultrastructure
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reducing agent and is able to reduce ionic silver to its elemental
form. The interaction of released silver ions with citrate mole-
cules, which act as a reductant and stabilizer, is described
elsewhere [58]. This induces an equilibrium of dynamic particle
growth in the colloid by ripening and dissolution after oxidation
due to molecular oxygen present in water. Contrary to steric
stabilization with BSA, electrosterically stabilized laser-
generated nanoparticles with citrate molecules aggregate on
the TEM grid during the drying process (Fig. 3) (Fig. 1 in
supporting information).
Over the course of 16 weeks storage, the amount of aggre-
gation is stable. A final state of aggregation for the nanopar-
ticles was already reached after the first days of storage, when
the stabilizing effect was insufficient. This aggregation effect
of nanoparticles has been described before and explains the
reduced antibacterial and cytotoxic effects of silver nanopar-
ticles and both alloys after storage [42, 59]. Using BSA,
storage for several weeks was possible without particle aggre-
gation. We assume that bovine serum albumin was an effec-
tive agent for all tested elemental and alloy NP to sterically
restrict particle aggregation. Note that BSA is a mass compo-
nent in serum and many cell culture media anyway.
Antibacterial activity of nanoparticles
Biological effects of AgAu alloy nanoparticles have only been
tested in a few studies, especially since aqueous synthesis of
particles with a homogeneous distribution of gold and silver
atoms is difficult to achieve. Previous studies have often been
conductedwith coated particles synthesized in a coprecipitation
method, resulting in a gold core and a silver shell. Recently,
particles with a core–shell composition with a higher gold
fraction at the particle core and a higher silver fraction on the
particle surface were produced by chemical synthesis and
analyzed for their biological effects [50, 59].
It could be expected that the release of Ag ions decreases
proportionally to the increasing gold molar fraction, due to the
change of electrochemical potential [60]. However, dispropor-
tional anomalies may take effect on the nanoscale: recently,
Alissawi et al. showed that different compositions of AgAu
nanoparticles led to different kinetics of ion release and were
not proportional to the amount of silver in each composition.
This effect was explained by entropy of mixing of AgAu
alloys. The immersion of AgAu alloy has shown the highest
ion release after 40 min with decreasing release rates after 2h,
Fig. 3 Nanoparticle diameter histograms and related TEM micrographs
of laser-generated Ag, Ag4Au, AgAu, and Au nanoparticles (BSA
samples; for citrate, see Fig. 1 in supporting information, 3d storage
in H2O bidest). Most frequent nanoparticles are in similar size
ranges of 2–3 nm (BSA) and 3–4 nm (citrate)
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1d and 2d. After 1 day of exposure, the ion release changes
and increases relative to the silver amount in the alloy. Ac-
cording to these results, the ion release of AgAu nanoparticles
could be adjusted to further applications just by variation of
the gold molar ratio and nanoparticle sizes[61].
With an increasing ratio of silver, the antibacterial effect of
laser-generated nanoparticles on S. aureus increased.With the
exception of gold and aggregated AgAu (stabilized by sodium
citrate), all NP inhibited bacterial growth within the used
concentration range from 6 to 100 μg ml−1 (Table 1).
Nanoparticles synthesized from pure silver had the stron-
gest antibacterial effect with a complete growth inhibition
beginning at a concentration of 12 μg ml−1. The antibacterial
effect of silver nanoparticles on S. aureus was comparable to
other studies examining the biological effects of silver colloids
[5, 10, 17]. Taking similar particle sizes into account, a
comparable antibacterial effect between laser-generated and
chemically synthesized AgNP can be assumed.
Elemental gold nanoparticles synthesized with the de-
scribed method showed no antibacterial effect within the used
concentration range of 6–100 μg cm−3. Interestingly, the
antibacterial effect of gold-alloyed AgNP on S. aureus de-
creased much more when the silver ratio within the alloys is
taken in consideration.
By decreasing the molar silver fraction in the nanoalloy
from 100 % (AgNP) to 80 % (Ag4Au), the minimal inhibitory
concentration (MIC), and therefore the effective concentration
of nanoparticles needed to inhibit growth, was increased by
100 % (Table 1). This was observed for both alloys whether
stabilized with BSA or sodium citrate. For the AgAu alloy
with a 50 % molar silver fraction (equal to 35.4 % of silver
mass fraction), the total mass dose of silver was one third of
Table 1 Minimal inhibitory
concentration (MIC) against
S. aureus and moderately
cytotoxic concentration (Tox50)
against HGFib of NP with
different Ag/Au ratios and
stabilizing agents (sodium
citrate and BSA)











Ag+BSA 12 9 12 9
Ag+Na citrate 25 29 25 29
Ag4Au+BSA 25 9 17.2 6.2
Ag4Au+Na citrate 50 55 34.4 37.8
AgAu+BSA 100 25 35.4 8.9
AgAu+Na citrate >100 >100 >35.4 >35.4
Au+BSA >100 >50 NA NA
Au+Na citrate >100 >100 NA NA
Fig. 4 Influence of nanoparticle composition and mass dose on toxicity:
cell viability of human gingival fibroblasts after a treatment with four
different elemental and alloy nanoparticles (Ag, Ag4Au, AgAu, and Au)
stabilized with a bovine serum albumin and b sodium citrate, 50 %
relative vitality and lower is set as a threshold for moderate and
severe cytotoxicity
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the pure silver particles, but the MIC was eight times higher
than for the particles stabilized by BSA. This reduction of the
antibacterial effect was unexpected considering the total silver
dose. Physicochemical properties of gold and silver could be
the reason for this effect. Beside the kinetic effect, which was
described by Alissawi et al. [37], a second effect that may
influence silver ion release could be discussed. Since BSA
chemisorption to gold surfaces via cysteine or disulfide moie-
ties is more pronounced with an increase of the gold fraction,
the protein corona will be more distinct [23, 24]. This effect
may sterically hinder the ion release. Differences between
bovine serum albumin and sodium citrate regarding their func-
tion as stabilizers of antibacterial effects were distinct. Nano-
particles stabilized by sodium citrate had to be used in a twofold
concentration to achieve the same reduction in bacterial growth
compared to NP stabilized by BSA. In consideration of the
differences in aggregation state between nanoparticles stabi-
lized with BSA and sodium citrate, the lower effect of bacterial
growth reduction can be attributed to reduction properties of
citrate, which provoke reduction of bio active silver ions to
elemental silver [50]. Furthermore, primary particles in suspen-
sion feature a higher surface/volume ratio than aggregated
colloids and release more silver ions at the same silver concen-
tration [62]. After a storage time of 16 weeks and repetition of
the cell culture experiments, most particles showed the same
threshold concentration at which the bacterial growth was
inhibited completely (Fig. 2, Table 2 in Supplementary info).
In summary, BSA stabilized and preserved the antibacterial
effect of pure Ag and both nanoalloys more efficiently
compared to sodium citrate. Alloying silver with gold
caused biological deactivation of a disproportionally high
silver fraction in alloy nanoparticles.
* * * *
* ** *
* * * *
Fig. 5 Cell viability of human gingival fibroblasts after the treatment with four different elemental and alloy colloids (Ag, Au, AgAu, and Ag4Au)
stabilized with bovine serum albumin and sodium citrate (statistically significant differences between both groups of stabilizers, p <0.05)
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Cytotoxicity of NP
Cytotoxicity of silver nanoparticles was described in many
studies, but the mechanisms of particle–cell interactions
negatively affecting cell viability are manifold and com-
plex [16]. Differences in particle size, charge, and cell type
can show very variable results [63]. It was described in
former studies that laser-generated silver NPs had strong
cytotoxic effects on HGFib comparable with nanoparticles
synthesized by other methods [10]. Severe cytotoxicity was
reached at the same concentration of nanoparticles as reported
widely in literature [1].
In the present study, cytotoxicity was measured with an
MTT assay, which depicts the metabolic activity of the
HGFib. Comparing BSA and sodium citrate, statistically sig-
nificant differences regarding their influence on cytotoxicity
of nanoparticles were found. In accordance with the result for
antibacterial activity, particles stabilized by BSA showed a
stronger effect on cell metabolic activity particles stabilized by
the reducing agent sodium citrate. Nanoparticles combined
with BSA kept their cytotoxic effect, but colloids with
sodium citrate showed a statistically significant reduction
of cytotoxicity.
After 1 week storage, silver nanoparticles stabilized with
BSA showed—deriving from a reduced metabolic activity—a
slightly cytotoxic effect at a concentration of 6 μg ml−1 and
severe cytotoxicity at 12 μg ml−1. This steep decrease in cell
survival ended at 25 μg ml−1 where all metabolic activity of
HGFib was completely stopped. After 16 weeks of particle
storage, the AgNP showed a decreased effect on cell survival
with now only moderate cytotoxicity at 12 μg ml−1. But even
here, death of all cells was observed at 25 μg ml−1 (data for 4,
8, and 16 weeks shown in Fig. 3a–h in supplementary data).
Silver nanoparticles stabilized with sodium citrate showed
a cytotoxic effect only at higher concentrations of nanoparti-
cles (Fig. 4). They showed also a slightly cytotoxic effect on
HGFib at concentrations of 6 to 25 μg ml−1. At a NP concen-
tration of 50 μg ml−1, a severe effect on cell viability was
Fig. 6 Silver dosage dependent cell viability of human gingival fibroblasts a , b and antibacterial activity on S. aureus c , d after treatment with three
different nanocolloids (Ag, AgAu, Ag4Au) stabilized with a , c bovine serum albumin and b , d sodium citrate
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measured. After longer storage, no complete cell death was
observable even at 50μgml−1. Again, differences in cytotoxic
effects between nanoparticles stabilized with BSA and sodium
citrate can be explained in accordance with the statement for
antibacterial activity.
Elemental gold NP showed a moderate cytotoxicity at
concentration of 25 μg ml−1 and higher, which is reported
by other authors. They described the ability of AuNP to enter
the cell nucleus of cells and subsequently interacting with
proteins and enzymes within cells [16, 64].
The reduction of silver-related effects by alloying Ag with
Au on the nanoscale was also observed for cytotoxicity. With
an increasing fraction of gold within the nanoparticles the
cytotoxic effect was reduced more strongly than expected if
the silver mass dose would be taken into account as the
bioactive component (Figs. 5 and 6).
Ag4Au stabilized with BSA showed also a decrease in
cell viability with higher concentrations of nanoparticles,
but the decrease was less severe than for pure AgNP.
Strong cytotoxicity was first observed at a NP concentra-
tion of 25 μg ml−1, after 16 weeks of storage there
cytotoxicity was reduced. Nanoparticles stabilized by so-
dium citrate showed only a small decrease in cell vitality
even at higher concentrations of NP. At 50 μg ml−1, there
was only a moderate cytotoxicity.
The cytotoxic effect of the alloy AgAu was similar to
Ag4Au. A severe reduction of cell survival would have been
expected at a concentration of 34 μg ml−1 of AgAu, which
would contain the same silver mass as pure silver NP at a
concentration of 12 μg ml−1. Interestingly, even at
50 μg ml−1, the nanoparticles had only a moderately cyto-
toxic effect on HGFib. Especially AgAu particles stabi-
lized by sodium citrate showed a similar curve compared
to Ag4Au. Overall, bioactivity of Ag nanoparticles is
significantly decreased by alloying with Au. A given
mass dose of Ag is more effective if presented as elemen-
tal Ag compared to an Ag equivalent higher mass dose of
AgAu alloy nanoparticles (Figs. 5 and 6). Hence, the electro-
chemical series and redox potential of Ag and Au is not
expected to be the only influencing factor.
These effects were also described by other studies, which
used chemically prepared gold–silver alloy nanoparticles [59].
However, both studies used alloy colloids with a core to shell
increase in the silver ratio and explained the reduced cytotoxic
effects with this heterogenic ultrastructure of the particles.
In our case, homogeneous ultrastructure has been observed
for Ag–Au alloy fabricated by laser ablation in liquid [65]
and has also been reported into detail for other metal alloy
nanoparticles fabricated by laser ablation [34]. In conse-
quence, heterogeneity cannot be taken as explanation.
Based on findings from the literature, we speculate that
entropy of mixing [37] and effect of protein corona affected
the silver ion release [23, 24].
Conclusion
Silver–gold alloy nanoparticles with a homogeneous ultra-
structure and comparable size were analyzed for their biolog-
ical activity and compared to elemental Ag und Au nanopar-
ticles. Both antibacterial and cytotoxic effects decreased dis-
proportionately with increasing fraction of gold indicating a
physicochemical interaction between both elements. It is ev-
ident that gold has a deactivating effect on silver ion release
even if no core–shell distribution, but homogeneous of both
elements in the nanoparticle ultrastructure is present [65]. It
could also be confirmed that citrate is much more potent in
deactivating silver than BSA [17]. Beside this, no influence of
storing laser-generated, BSA- and citrate-stabilized nanopar-
ticle colloids over 16 weeks could be observed in comparison
to the freshly prepared colloids. The precise setting of the
gold–silver ratio and the homogeneous distribution of both
elements within nanoparticles by laser ablation in liquid opens
new chances to control the silver ion release and the biological
effect by alloying on the nanoscale.
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